To investigate antimicrobial combinations for synergy or antagonism against isolates of Staphylococcus aureus and Pseudomonas aeruginosa. METHODS. Isolates were collected from cases of microbial keratitis from six centers in the United Kingdom. Minimum inhibitory concentrations (MICs) were determined by using E-test strips for 16 antimicrobials, including both current and potentially available agents. E-test strips were used to test selected antimicrobials in combination against a representative set of 10 S. aureus and 10 P. aeruginosa isolates. E-tests of the two antimicrobials were placed on sensitivity agar at right angles intersecting at their respective MICs. Antimicrobial combinations were classified as synergistic, additive, indifferent, or antagonistic, according to their fractional inhibitory concentration (FIC). RESULTS. The combinations meropenem and ciprofloxacin, meropenem and teicoplanin, moxifloxacin and teicoplanin, and ciprofloxacin and teicoplanin, gave the lowest mean FICs for S. aureus, with synergy or additivity being seen in 60% to 80% of isolates. The meropenem/ciprofloxacin combination gave the lowest mean FIC for P. aeruginosa isolates, with 90% showing an additive or synergistic effect. The other combinations elicited a predominantly indifferent response. No consistent antagonistic effect was observed with the combinations used. CONCLUSIONS. The combination of meropenem and ciprofloxacin was predominantly additive or synergistic for both S. aureus and P. aeruginosa. Teicoplanin combined with meropenem, ciprofloxacin, or moxifloxacin was also predominantly additive or synergistic against S. aureus. (Invest Ophthalmol Vis Sci. 2010;51:4151-4155)
B acterial keratitis is a major cause of corneal opacity and loss of vision worldwide, and topical antimicrobial therapy is a critical component in its management. 1, 2 Staphylococcus aureus and Pseudomonas aeruginosa are major causative pathogens in this condition. Before the introduction of the fluoroquinolones in the 1990s, combination therapy with a fortified aminoglycoside and a cephalosporin was the commonly used empiric therapy for suspected bacterial keratitis, providing inhibitory action against P. aeruginosa, S. aureus, and Streptococcus pneumoniae. The increase in use of the second-and third-generation fluoroquinolones in the 1990s 1 was subsequently accompanied by an increase in bacterial resistance in cases of bacterial keratitis. [2] [3] [4] [5] As opposed to single therapy, an antimicrobial combination offers a broader spectrum of activity 6 and may reduce selective pressures. This finding is of particular importance for the fluoroquinolones, as increasing resistance has been reported in S. aureus 5, [7] [8] [9] and P. aeruginosa 4, 10 isolates from cases of bacterial keratitis. Combination therapy may also result in synergy as occurs, for example, with the combination of penicillin and gentamicin when used in the treatment of enterococcal endocarditis. 10 Conversely, combinations of antimicrobials may be antagonistic, as occurs with the combination of chloramphenicol and penicillin in the treatment of pneumococcal meningitis. 11 To our knowledge, there have been no in vitro studies in which researchers have assessed clinically relevant combinations of antimicrobials against isolates in bacterial keratitis.
The Microbiology Ophthalmic Group (MOG), which comprises six ophthalmic centers in the United Kingdom (London, Birmingham, Newcastle, Bristol, Manchester, and Liverpool), was established in April 2003 to investigate the characteristics and antimicrobial susceptibility of bacterial isolates obtained from cases of microbial keratitis. In a previous study 12 the minimum inhibitory concentrations (MICs) of standard and newer antimicrobials were determined against these isolates. In the present study, we investigated the in vitro interaction of clinically relevant antimicrobial combinations against a selection of S. aureus and P. aeruginosa isolates collected from patients with bacterial keratitis.
METHODS
Bacterial isolates collected from the corneas of patients with bacterial keratitis at the six contributing centers were submitted at the time of isolation to the School of Infection and Host Defense, the University of Liverpool, where they were stored on beads (Protect; TSC Ltd., Heywood, UK) at Ϫ70°C. The isolates were subsequently subcultured from the beads, and their identity reconfirmed by standard methods. 13 A representative sample with a wide range of MICs to the individual antimicrobials previously tested 12, 14 were chosen from the collection, comprising 10 S. aureus and P. aeruginosa isolates. Three of the S. aureus isolates were methicillin resistant (MRSA). MICs were determined using E-test strips (AB Biodisk, Solna, Sweden) according to British Society of Antimicrobial Chemotherapy (BSAC) methods, 15, 16 the results of which have been published. 12 The 12 Once the MICs for individual antimicrobials against the S. aureus and P. aeruginosa isolates were measured, 12 the in vitro activity of each combination was determined by placing E-test strips of the two antimicrobials on the agar at a 90°angle with the intersection at the respective MICs for the organism (Fig. 1) . The agar plates were incubated at 35°C to 37°C in air for 18 hours, and the MIC of each antimicrobial in the combination was read. Each bacterial isolate was tested three times with each antimicrobial combination.
The antimicrobial combinations tested for S. aureus were teicoplanin and moxifloxacin, teicoplanin and ciprofloxacin, teicoplanin and meropenem, meropenem and linezolid, moxifloxacin and linezolid, meropenem and ciprofloxacin, and moxifloxacin and meropenem (n ϭ 210). The following combinations were tested for P. aeruginosa: meropenem and ciprofloxacin, gentamicin and moxifloxacin, moxifloxacin and meropenem, meropenem and levofloxacin, and gentamicin and ciprofloxacin (n ϭ 150).
Using the results of MICs determined with the antimicrobial alone and in combination, the fractional inhibitory concentration (FIC) was calculated for each antimicrobial combination according to the following formulas 15 : The mean FIC of triplicate experiments for each antimicrobial combination for a particular isolate was then used to determine whether the combination would demonstrate a synergistic, additive, indifferent, or antagonistic effect on that bacterium. The mean, standard deviation, minimum and maximum, and coefficient of variance of the FIC was calculated for each antimicrobial combination against all S. aureus and P. aeruginosa isolates.
RESULTS
The results for each antimicrobial combination against S. aureus and P. aeruginosa are shown in Tables 1 and 2 , respectively. The coefficient of variance for the antimicrobial combinations was 10.9% against S. aureus and 21.7% against P. aeruginosa. The antimicrobial combinations with the greatest additive effect against S. aureus were meropenem and teicoplanin, meropenem and ciprofloxacin, and moxifloxacin and teicoplanin (Table 1) . Synergy was demonstrated in 20% of isolates with the combination of meropenem and teicoplanin and in 10% of isolates with meropenem and ciprofloxacin. Synergy or additivity was seen in 80% of isolates with each of those two combinations. The remaining combinations including ciprofloxacin and teicoplanin, linezolid and moxifloxacin, moxifloxacin and meropenem, and linezolid and meropenem demonstrated a predominantly indifferent interaction. No antagonism was seen in any of the experiments.
The results of the combinations against P. aeruginosa isolates are presented in Table 2 . Meropenem and ciprofloxacin demonstrated the lowest mean FIC (0.7) with synergy observed in 10% and additivity in 80%. The interaction between gentamicin with moxifloxacin, meropenem and moxifloxacin, meropenem and levofloxacin, and gentamicin and ciprofloxacin were predominantly indifferent. No antagonistic effect was seen, although one isolate demonstrated a mean FIC of the three tests of 3.7 (3.5, 3.5, and 4.1) with the combination of meropenem and moxifloxacin.
DISCUSSION
The intention of antimicrobial sensitivity testing is to provide a prediction of success or failure when a particular antimicrobial is used to treat a specific infection. Although in bacterial keratitis the in vitro activity of an antimicrobial does not necessarily equate with the in vivo biological activity within the cornea, 19 results in previous work suggest a relationship between the MIC of an antimicrobial and clinical outcome in cases of keratitis due to S. aureus and P. aeruginosa treated with a single antimicrobial. 14 In particular, a lower MIC was associated with a faster healing response. It is reasonable to assume that the lower the MIC of an antimicrobial for a given isolate, the more likely it is that the infection will respond to treatment and that the MIC of the antimicrobial can be used to evaluate the potential efficacy of a given agent for the treatment of microbial keratitis. It is not known whether the distribution of antimicrobial sensitivities of bacterial isolates tested in this study were affected by prior antimicrobial treatment before isolation of the bacteria from the corneal ulcer. However, the isolates were selected from a national collection with a distribution of isolates similar to that in previous studies, and we think they are therefore representative of the bacteria that cause keratitis. 20 -22 If a combination of antimicrobials demonstrates a synergistic or additive effect as determined by MIC, this combination may prove more effective than monotherapy with the individ- ual agents. It should be noted that the definitions of effect, from synergy through to antagonism, 15, 17, 18 are definitions that relate to interaction in vitro, and it is unknown whether they translate into an improved outcome for topical combination therapy. If the extrapolation to an in vivo effect is valid, a synergistic or additive antimicrobial combination offers a broader spectrum of activity 6 that may reduce selective pressures and the emergence of resistance.
The traditional approaches used to assess antimicrobial combinations in vitro are the checkerboard and time-kill methods. 15 These methods are costly in time and materials, however, and for that reason they are not used in routine clinical practice. The method used in this study with pairs of E-test strips is relatively new and has the advantage that it is easy and inexpensive to perform. 23 The degree of agreement between FIC results calculated by the checkerboard and the E-test method varies in the literature depending on the type of bacteria tested. 24 -26 For example, a 55% agreement was found between the results of the two tests when used with Brucella melitensis isolates, 26 63% with Acinetobacter, 25 and 90% with P. aeruginosa. 24 A limitation of the E-test method is that it does not provide information about the bactericidal activity of the combination. We have shown that this method has a reasonably low coefficient of variance and is particularly useful in screening a large number of isolates against several combinations of antimicrobials.
The combination of meropenem and teicoplanin gave the lowest mean FIC for S. aureus, with synergy or additivity in 80%. For P. aeruginosa the combination with the lowest mean FIC was meropenem and ciprofloxacin, with synergy or additivity in 90%. Against S. aureus the combinations of teicoplanin with meropenem, ciprofloxacin, or moxifloxacin also gave a low mean FIC with more than 50% of isolates demonstrating either an additive affect or synergy. Other combinations tested were predominantly indifferent. We did not find a combination of antimicrobials that was consistently antagonistic when used against S. aureus or P. aeruginosa. These results indicate that certain combinations of antimicrobials may act synergistically. It is necessary to conduct further investigations in which the checkerboard and time-kill methods are used to determine synergy with these combinations. The FIC was determined in triplicate for each isolate. The percentage of isolates for which the respective combination produced an antagonistic, indifferent, additive, or synergistic effect is shown. The mean (SD), minimum and maximum FIC for each antimicrobial combination against all S. aureus isolates is given. The FIC was determined in triplicate for each isolate. The percentage of isolates for which the respective combination produced an antagonistic, indifferent, additive, or synergistic effect is shown. The mean (SD), minimum and maximum FIC for each antimicrobial combination against all P. aeruginosa isolates is given.
